ABSTRACT Intrinsic toxicities of chlorantraniliprole, Þpronil, and imidacloprid were evaluated with topical applications on worker termites. Worker termites were exposed to substrates treated with formulated chlorantraniliprole to study contact toxicity, tunneling, and postexposure behaviors. The intrinsic toxicities (LD 50 , ng/termite) of chlorantraniliprole (1.25, 0.96, and 0.44) and Þpronil (0.12, 0.11, and 0.13) at 11 d were similar for workers from three termite colonies. Imidacloprid toxicity (LD 50 ) values were highly variable among the workers from three different colonies, values at 11 d ranging from 0.7 to 75 ng/termite. Termite workers exposed to sand and soils treated with chlorantraniliprole at 50 ppm exhibited delayed mortality and, for most of the exposure times, it took Ͼ5 d to observe 90 Ð100% mortality in termite workers. Exposure to chlorantraniliprole-treated sand (50 ppm) for as little as 1 min stopped feeding and killed 90 Ð100% of the workers. Tunneling (Ϸ 2 h) in different soil types treated with chlorantraniliprole at 50 ppm, even those with high organic matter (6.3%) and clay content (30%), caused immediate feeding cessation in worker termites and mortality in the next 7Ð14 d. Worker termites exposed for 1 and 60 min to sand treated with chlorantraniliprole (50 ppm) were able to walk normally for 4 h after exposure in most cases. Delayed toxicity, increased aggregation, and grooming were observed in exposed termites and discussed in the context of horizontal transfer effects within termite colonies.
Chlorantraniliprole belongs to the anthranilic diamide group of chemistry. It has a novel mode of action, as it acts on the ryanodine receptor in the insect muscles, causing paralysis and mortality over time (Lahm et al. 2005 , Cordova et al. 2006 . For example, depending on the time and treated substrate, termites exposed to chlorantraniliprole died within 1Ð3 wk (Yeoh and Lee 2007 , Mao et al. 2011 , Spomer and Kamble 2011 , Neoh et al. 2012 , Barwary et al. 2014 .
Chlorantraniliprole is lipophilic with an octanolÐ water partition coefÞcient of 2.86 and has low water solubility of Ϸ1.0 ppm (U.S. Environmental Protection Agency [USEPA] 2008). The compound binds to soil with an average K oc value of 328, which means it has less potential for leaching based on a classiÞcation by McCall et al. (1979) . In Þeld at labeled application rate (0.05%), chlorantraniliprole provided 8 yr of protection as a termiticide in U.S. Department of Agriculture (USDA) Forest service concrete slab Þeld plot trials (Shelton et al. 2014) .
Several laboratory studies have deÞned the currently used termiticides such as Þpronil, imidacloprid, chlorfenapyr, and chlorantraniliprole as nonrepellent and delayed toxicant (Hu 2011) . Little is known about the interaction of nonrepellent termiticides such as chlorantraniliprole with different soil types and how such interactions may affect movement, grooming, feeding, and other postexposure behaviors of termites. Some of these behaviors and effects can be observed only in a laboratory setting due to subterranean nature of Reticulitermes flavipes (Kollar).
The main objectives of the study wereÑ1) To evaluate the intrinsic toxicity of chlorantraniliprole, Þpro-nil, and imidacloprid on termite workers, 2) To observe the mortality and feeding cessation in worker termites exposed to treated sand for different time intervals, 3) To record distance tunneled, mortality, and feeding cessation in termites after tunneling in different soils treated with chlorantraniliprole, and 4) To study postexposure behavior of worker termites after being exposed to chlorantraniliprole-treated sand.
Materials and Methods
Termites. Worker termites were Þeld collected from Louisiana and Maryland. Termites from two col-onies (Ͼ1 km apart) in Louisiana were collected and named as "Race" and "RockTree." Termites from a Þeld colony in Maryland (University of Maryland) were used as third colony and named as "UMD." Termites from all three colonies were identiÞed as R. flavipes using the keys for soldiers (Snyder 1954) . Termite collection traps consisted of a plastic bucket (3.75 liters) with a 10 cm (diameter) hole at the bottom, and two to three rolls of corrugated cardboard were inserted in it to serve as food for termites. Cardboard rolls full of termites were brought to the laboratory where they were extracted, and termites were transferred to plastic containers (30 by 22 by 8 cm, Republic Molding Corporation, Chicago, IL). Termites were provisioned with moistened brown paper towels (Premium Multifold Towels, Natural P-200N, Allston Supply Co. Inc., SpringÞeld, MA) and were maintained at 25 Ϯ 2ЊC and 90 Ð100% relative humidity (RH) until used in the studies. All the termites were used within 2Ð3 wk of their collections from the Þeld. The average weight of individual termites for each colony was 3.0 Ϯ 0.18 mg (N ϭ 30).
Soil Collection and Preparation. All soils (Drummer-IL, Hidalgo-TX, Tama-IL, Leary-GA, and NJ [Pine Barrens South]-NJ) were collected [5 kg]) from different locations with an objective of covering wide range of soil types (Table 1) . Soils had no known history of insecticide application and were stored in the laboratory at 5ЊC until used. Soil samples were analyzed for particle size and chemical composition (Agvise Laboratories Northwood, ND). Soils were used within 45 d of their collection from the Þeld. Samples (500 g) of each soil type were sieved through a mesh (USA Standard Testing Sieve No. 10, 2.0 mm mesh size) and were stored in the laboratory at 25 Ϯ 2ЊC until treated.
Termiticides. Topical Bioassays. Technical grade insecticides were used to prepare stock solutions of chlorantraniliprole (0.3%), Þpronil (0.1%), and imidacloprid (0.1%) in analytical grade acetone (99.9%; Sigma Aldrich). These stock solutions were serially diluted in analytical grade acetone. Before topical application, termites were anesthetized by brief exposure (Ϸ12 s) to CO 2 such that they were still standing in the upright position. Individual worker termites were then precisely treated on the dorsal abdomen by delivering a small droplet (0.5 l) of insecticide using a handheld microapplicator equipped with a 10-l syringe (Hamilton, Reno, NV). The droplet was allowed to dry for Ϸ30 s, and the termites were placed in a plastic petri dish (5.0 cm in diameter by 0.9 cm in depth, BD Falcon, Franklin Lakes, NJ) lined with a disk of moist brown paper towel. The petri dishes and termites were held in a chamber maintained at 100% RH. The number of dead termites was counted daily for 11 d. Worker termites from three different termite colonies were tested for each termiticide. Topical applications of all three insecticides were done on the same day for each colony. Each dilution was replicated four times with 10 termites for each colony. Control termites were treated with acetone.
Limited Exposure. Termites were exposed to sand treated with chlorantraniliprole at 50 ppm (wt:wt) for a brief period (1Ð 4 h) to determine the effect of different exposure durations on termite mortality over 10 Ð15 d. A concentration of 50 ppm (wt:wt) was selected because it approximates the Þnal concentration of chlorantraniliprole (active ingredient) in the soil when applied according to the label recommendations. These exposure studies were necessary to determine the time required to kill some but not all of the worker termites for later studies of postexposure behaviors. Chlorantraniliprole was diluted in 50 ml of distilled water, and resulting mixture was added to 100 g of sterilized play sand (Kolorscape Washed Play Sand, Old Castle Lawn & Garden Inc., Atlanta, GA) to achieve a Þnal concentration of 50 ppm (g of [AI]/g of sand, wt:wt). Treated sand was allowed to dry in a laminar ßow hood for 48 h. Approximately 5 g of sand was placed in the bottom of a small snap-top plastic petri dish (5.0 cm in diameter by 0.9 cm). The sand was moistened with 1 ml of water. For each concentration and time combination, a separate petri dish was prepared and 120 termite workers were conÞned to treated sand for 1, 30, or 60 min. At the end of each exposure period, termites were carefully removed and divided in Þve groups of 20 and placed in plastic petri dishes (5.0 cm in diameter by 0.9 cm) provisioned with a moist brown paper disk. Thus, for each concentration ϫ time combination, Þve groups of 20 termites were tested. Remaining 20 termites were discarded. Preparation of the disks and analysis of the area fed upon by termites is described in following section. Petri dishes were held inside a plastic rectangular container (43.2 by 29.9 by 17.7 cm, Rubbermaid Inc., Wooster, OH) on a plastic rack with a thin layer (0.5 cm) of water at the bottom. Humidity indicator strips (Sud-Cheme Performance Packaging, Colton, CA) were taped to the walls of the container to ensure it was maintained at 100% RH. All the boxes were maintained at 25 Ϯ 2ЊC. Dead termites were counted and removed daily for 15 d. Feeding Activity After Limited Exposure. To measure feeding activity of termites, brown paper towel were cut in disks (3.80 cm in diameter) using a paper shaper punch (EKSuccess Brands, Stevens Point, WI). Image analysis software (LeminaLauncher) dedicated to an automated scanning instrument (LemnaTec Scanalyzer HTS GmbH, Wuerselen, Germany) was used to calculate the surface area of individual disks. To accomplish this, a grid of green squares (5 columns ϫ 4 rows) was prepared on standard white paper (21.59 by 27.95 cm) with each grid block being 4.8 cm 2 (Fig. 1 ). Individual disks were labeled with pencil (Lead1 HB) and were placed on the grid and scanned on a scanner (Lanier LD 425, West Caldwell, NJ) at 400 dpi resolution and saved in JPEG format. Imaging software (LemnaTec software LeminaLauncher, GmbH, Wuerselen, Germany) selectively read the disk images (brown color) within the green background grid (Fig.  1) . These images were read in pixels and converted to square millimeters. Data from several preliminary runs conÞrmed that instrument was precise with a standard error of 1.5 mm 2 . Area of each disk was analyzed before bioassay, and the mean was used as standard control disk area (1039 Ϯ 1.5 mm 2 ). Termites were allowed to feed on the disks for next 10 Ð15 d. At the end, disks were cleaned of any debris or fecal material and allowed to completely dry (Ͻ1% moisture) for the next 48 h. Disks were then scanned, and images were analyzed as described above. This Þnal area was subtracted from the standard control disk area and the difference was the net feeding. Percent feeding reduction was calculated by the formula [(FC Ϫ FT/FC)] ϫ 100, where FC and FT are the amount of feeding on control and treatment, respectively.
Effects of Brief Tunneling on Feeding Activity and Survival. Termites were allowed to tunnel in 4-cmlong treated sections of soil and sand to study impact on feeding behavior and survival. Five different soil types and play sand treated with chlorantraniliprole were tested. Worker termites from only two colonies were used in tunneling assays, as sufÞcient numbers of termites from a third colony were unavailable. Precisely 25 ml of the chlorantraniliprole stock (0.1%) was added to 295 ml tap water and applied to 500 g of each soil sample such that the Þnal concentration was 50 ppm (g [AI]/g, wt:wt). Soil and sand samples were allowed to dry for 72 h in a laminar ßow hood and were occasionally stirred with a glass rod for uniform dis- tribution. Plastic tubes (10 cm in length by 1 cm in diameter) were cut, and 1-cm-long sections were marked on the outside with a permanent marker pen (Sharpie, Oak Brook, IL). A 1-cm layer of untreated dry sand was Þlled between 3-to 4-cm mark and moistened with 200 l water to get the desired moisture content (Ϸ20%). Dry treated soil was added on the top of untreated sand in the increments of 1 cm each (gently compacted by tapping) and moistened with 200 l of water. The total length of the treated soil section was 4 cm. Rubber stoppers were used to close both the ends. Tubes were stored overnight in a plastic container with 95Ð100% RH to prevent any moisture losses. Untreated ends (sand) of the tubes were held in upward direction. On the following morning, termite workers (N ϭ 20) were added to the untreated end of each tube. Termites tunneled in the untreated sand section (1 cm long) in the downward direction toward the treated soil section. The time at which termites started penetrating the treated soil section was recorded, and termites were allowed to tunnel in the treated section for Ϸ2 h. Distance tunneled by termites in Ϸ2 h was measured. Termites were then carefully tapped out in a petri dish and allowed to walk for 10 min to remove any sand or soil particles attached to their body. Finally, termites were transferred to petri dishes (5.0 cm in diameter by 0.9 cm) containing premeasured (as described earlier) moistened brown paper towel disk, and all the petri dishes with termites were then transferred to a container maintained at room temperature (25 Ϯ 2ЊC) and 90 Ð100% RH. Mortality was recorded at 24 h for 13 d (when mortality in most of the treatments reached 100%). At the end of the bioassays, disks were cleaned of any debris and allowed to dry under laminar ßow hood for 48 h. Feeding was measured on these disks as described above. Controls were set up in the same way, and the sand and soils used were treated with tap water only.
Postexposure Behavior Assays After Limited Exposure. Bioassays were designed to study locomotion, aggregation, and grooming after exposure to treated sand. Sand was treated with chlorantraniliprole preparation (50 ppm). Termites were exposed to treated sand in three groups of 50 each. Two exposure periods (1 and 60 min) were tested. At the end of each time period, termites from each of the three groups for each time interval were pooled together in two separate clean petri dishes (5.0 cm in diameter by 0.9 cm) and provided with a moist brown paper towel.
Walking. Termites (N ϭ 150) from each pooled group were tested for their ability to walk on a 15-cm-long section of a line made by a ball point pen. A 17-cm-long line was drawn on a printing paper using a ball point pen (Paper Mate ComfortMate, Oak Brook, IL). Termites have been shown to follow a ball point pen ink line (Chen et al. 1998) . A 1-cm section was clearly marked on either end of the line with a pencil as start and end points and the amount of time in seconds to walk the middle 15-cm-long section by an individual termite was recorded. Fifteen termites were tested individually for each exposure duration (1 and 60 min) and time after the exposure. Each line was only tested once and each termite used was transferred to a new petri dish. The total number of termites needed to successfully repeat one complete walking test (15-cm line) 15 times was recorded. At the end of each bioassay, all the termites were pooled together and were stored at Ͼ90% RH until being tested again at 1, 2, 3, and 4 h after exposure. The test was repeated with three different colonies. Control termites were exposed to the untreated sand for 1 h, and their ability to walk was recorded similarly. Mortality for both exposed and control was recorded at 24-h intervals for next 7Ð10 d.
Group Postexposure Behavior. Termite behaviors in a group after being exposed to sand treated with chlorantraniliprole were also studied. Worker termites (N ϭ 100) were exposed to chlorantraniliproletreated sand (50 ppm) in a petri dish (5.0 cm in diameter by 0.9 cm) for 30 min. After exposure, termites were observed at 1, 7, 12, and 24 h. All three colonies were used, and three replications were made for each colony. Termite worker behaviors recorded were walking, aggregation, and grooming. Data were recorded as numbers and converted to percentage of the termites in the group. These behaviors were not mutually exclusive events but a sum of average behavior or a part of overall behavior pattern after exposure. For example, aggregation was a general term used for termites more or less stationary in a group at one spot, and these termites at the same time could be engaged in grooming themselves or other termites next to them or being contacted by other termites still moving around.
Termites behaviors were observed for 2 min, and these behaviors were deÞned as follows:
1. Walking: Worker termites walking normally (similar to controls) and were not sluggish. 2. Aggregation: A group of termites (N Ն 5) stationary, grooming, and contacting each other from time to time. This behavior depicted distribution pattern of termites in the arena. 3. Grooming: Individuals frequently grooming themselves or other individuals.
Statistical Analysis. Mortality from topical bioassays was analyzed using probit analysis (PoloPlus program, LeOra Software, Menlo Park, CA). Groups were determined to be signiÞcantly different if the 95% conÞdence limits (CLs) of any two LD 50 did not overlap. Postexposure mortality was analyzed using KaplanÐMeier (product-limit) survivorship function estimates, S(t), and corresponding 95% conÞdence intervals were obtained using SASÐSTAT softwareÕs proc lifetest (SAS Institute 2010). The log-rank test, with the Š idák adjustment for multiple comparisons, was used to compare survivorship functions across groups. The KaplanÐMeier method was used because it appropriately accounts for right censoring present in the data (i.e. termites still alive at the time of evaluation).
SASÐSTAT proc mixed (SAS Institute 2010) was used to conduct an analysis of variance with an adjustment for heterogeneous variance, as necessary, for continuous response measures, including feeding, distance tunneled, and time. TukeyÕs HSD was used to adjust for multiple comparisons in the test for group differences. Average walking speeds were analyzed using SASÐSTAT softwareÕs proc glimmix (SAS Institute 2010) to conduct a repeated-measures analysis of variance. Adjustments for heterogeneous variance were used, as appropriate, and TukeyÕs HSD was used to adjust for multiple comparisons in the test for group differences. Postexposure behaviors were analyzed using SASÐSTAT softwareÕs proc glimmix to Þt a generalized linear model, including a correction for over dispersion, for the binomial count response for each behavior type observed. Termite numbers for each behavior were converted to percent of termites in each petri dish. In all behaviors examined, the model term for colony was not signiÞcant; thus, the colonies were combined for the analysis. Adjustments for heterogeneous variance were used in the analysis of variance, as appropriate, and TukeyÕs HSD was used to adjust for multiple comparisons.
Results
Topical Assays. Chlorantraniliprole lethal doses (LD 50 ) for worker termites from three different colonies ranged from 0.44 to 1.25 ng/termite (Table 2) . There were signiÞcant differences in the LD 50 values of chlorantraniliprole and Þpronil at day 5 and 11, for all three colonies. For imidacloprid, LD 50 values for day 5 and 11 were signiÞcantly different for two colonies, Race and UMD. Between day 5 and 11, there was a 16-to 75-fold reduction in the amount of chlorantraniliprole required to kill individual termites from each of the three colonies after topical applications. The amount of Þpronil required to kill individual termites on days 5 through 11 remained under Ϸ0.5 ng/termite. The LD 50 values of imidacloprid at day 5 for the Race colony and 5 and 7 d for the RockTree colony were high (44 Ð245 ng/termite) due to failure to achieve 100% mortality in the highest tested dose. Limited Exposures. Survivorship functions between colonies and across different exposure periods were compared using an overall test for the equality of strata (groups), which revealed signiÞcant differences in the survivorship functions ( 2 ϭ 1507.2, df ϭ 11, P Ͻ 0.001; Table 3 ). SigniÞcant differences were identiÞed between exposure intervals on treated sand (1, 30, and 60 min) and the control group (Race: 2 ϭ 440.9, df ϭ 3, P Ͻ 0.001; RockTree: 2 ϭ 472.2, df ϭ 3, P Ͻ 0.001; UMD: 2 ϭ 579.9, df ϭ 3, P Ͻ 0.001) using TukeyÐKramer-adjusted P values at the 5% signiÞ-cance level within a colony. In Race and RockTree colonies, no signiÞcant differences were identiÞed between the exposure durations (1, 30, and 60 min). In UMD colony, signiÞcant differences were observed between all pairs of exposure durations except between the 30 and 60 min. In all three colonies under study, the log-rank test for trend identiÞed a signiÞ-cant decrease in the survivorship function as the exposure durations to treated sand increased (Race: z ϭ 11.2, P Ͻ 0.001; RockTree: z ϭ 13.7, P Ͻ 0.001; UMD: z ϭ 20.1, P Ͻ 0.001).
Limited exposures to treated sand had signiÞcant effect on the mean amount of feeding recorded among colonies ( 2 ϭ 133.6, df ϭ 11, P Ͻ 0.001). Mean amounts of feeding on the paper towel disks by worker termites from three colonies at 10 d was similar for all exposure durations (1, 30, and 60 min; Table 4 ). Exposure to 50 ppm treated sand for as little as 1 min caused a reduction of 90Ð100% feeding by termite workers of all three colonies. Workers from the UMD and RockTree control groups fed signiÞcantly more than workers from the Race colony control group (Table 4) .
Effects of Brief Tunneling on Feeding Activity and Survival. The overall test for equality of strata across all possible combinations of colony, soil type, treatment (50 ppm), and control, revealed signiÞcant differences between groups ( 2 ϭ 3828.2, df ϭ 23, P Ͻ 0.001; Table 5 ).
Survivorship functions S (t) for the workers from two termite colonies at the same rate and soil type combination suggest that there were signiÞcant differences for most of the tested soil types (Table 5 ). SigniÞcant differences in the survivorship functions (log-rank, 2 ϭ 84.8, df ϭ 5, P Ͻ 0.001) were identiÞed across different soil types treated at 50 ppm. In the Race colony, the survivorship function for termite workers in the control group (untreated soil and sand) was signiÞcantly different ( 2 ϭ 34.3, df ϭ 5, P Ͻ 0.001) from the treatment group. Similarly, survivorship functions for the RockTree colony workers were also signiÞcantly different for both untreated ( 2 ϭ 36.1, df ϭ 5, P Ͻ 0.001) and treated soil types ( 2 ϭ 86.0, df ϭ 5, P Ͻ 0.001; Table 5 ).
SigniÞcant interaction of soil types with colonies (F ϭ 9.2, df ϭ 5, P Ͻ 0.001), and soil types with rates (F ϭ 9.5, df ϭ 5, P Ͻ 0.001) were observed for two colonies at 3 d.
Average mean distances tunneled by workers from the two colonies during Ϸ2 h time period did not differ signiÞcantly (F 1, 41, 3 ϭ 0.01, P ϭ 0.96). Soil types had a signiÞcant impact on the ability of termite workers to tunnel (F 5, 22 ϭ 6.55, P Ͻ 0.001). Overall mean distances tunneled by termite workers in treated soils were signiÞcantly less compared with untreated soils (F 1, 41, 3 ϭ 38.29, P Ͻ 0.001; Table 6 ). There was a signiÞcant interaction between termite colony and soil types (F 5, 22 ϭ 3.8, P Ͻ 0.012).
Test for group differences showed that signiÞcant differences in the mean amounts of feeding (area in mm 2 ) existed across colony, soil type, and treatment rates (chlorantraniliprole at 50 ppm or control; Log Rank Test 2 ϭ 99.0, df ϭ 11, P Ͻ 0.001; Table 7 ). The overall mean amount of feeding (area in mm 2 ) was signiÞcantly higher in the RockTree colony compared with the Race colony (F 1, 33, 7 ϭ 4.98, P ϭ 0.03; Table  7 ). Soil types affected the mean amount of feeding of the worker termites (F 5, 16, 2 ϭ 3.23, P ϭ 0.03). Treatments (50 ppm) signiÞcantly reduced amount of feeding (F 1, 33, 7 ϭ 1765.6, P Ͻ 0.001; Table 7) .
Postexposure Behavior Assays After Limited Exposures. Walking. There were signiÞcant differences in the time taken to traverse the 15-cm ball point pen line at different testing intervals after exposure to treated sand ( 2 ϭ 323.86, df ϭ 8, P Ͻ 0.001). Only workers from Race and UMD colonies required more time to traverse the 15-cm line after exposure to treated sand for 60 min compared with their corresponding controls across the duration of the test (Fig. 2a) . Similarly, at 4 h after exposure, depending on rate (50 ppm or control) and exposure time, there were signiÞcant differences in the mean amount of time workers from three different colonies required to traverse the 15-cm line (Fig. 2b) . Workers from all three colonies in the control group traversed the 15-cm line in the same amount of time.
Group Postexposure Behavior. SigniÞcant interaction of colonies tested, treatment, and postexposure time, for each of the postexposure behaviors under S (t) , survival function or survival probabilities of termites exposed to treated sand (50 ppm) for different durations (min). S (t) value of 1.00 and 0.00 indicates 0% and 100% mortality, respectively. a CI, conÞdence intervals. S (t) s with overlapping CI are not signiÞcantly different (P Ͻ 0.05). b C, controls (untreated soils) for each soil type. consideration was observed: walking ( 2 ϭ 252.6, df ϭ 14, P Ͻ 0.001), aggregation ( 2 ϭ 261.1, df ϭ 14, P Ͻ 0.001), and grooming ( 2 ϭ 226.6, df ϭ 14, P Ͻ 0.001). There were no signiÞcant differences observed in the behavior of workers exposed to treated sand and workers in control group at 1 h postexposure (Fig. 3) . The percentage of worker termites walking in the control groups decreased as time after exposure increased but intoxication symptoms were not observed. The percentage of exposed termite workers (30 min) that could walk normally reduced signiÞcantly at 7 h and continued to drop as the time after exposure increased. At 24 h after exposure, Ϸ 50% of the workers in control groups were walking normally as compared with 10% of the exposed workers (30 min; Fig. 3) . The other 50% termites in control were engaged in other activities such as grooming, feeding, or resting. At 7, 12, and 24 h, exposed workers exhibited signiÞcantly higher aggregation behavior compared with all the control groups (1, 7, 12, and 24 h) and also the exposed workers at 1 h. The percent of workers aggregating increased signiÞcantly between 7 and 24 h postexposure (Fig. 3) .
Grooming behavior of the exposed workers at 7, 12, and 24 h differed signiÞcantly from all control groups (1, 7, 12, and 24 h) and the exposed workers at 1 h (Fig.  3) . Exposed workers at 7, 12, and 24 h did not differ signiÞcantly from each other. In the control group, aggregation and grooming behaviors were observed in Ͻ20% of the workers at any time after their removal from untreated sand (Fig. 3) .
Discussion
In our bioassays, chlorantraniliprole acted as a delayed toxicant, which corroborates several studies. Its intrinsic toxicity to termites was high, with LD 50 values of 0.5Ð1.25 ng/termite at 11 d. Over time, there was a signiÞcant decrease in the amount of chlorantraniliprole required to kill an individual termite. LD 50 values of chlorantraniliprole decreased 16-to 52-fold over 6 d for Race and RockTree colonies and Ϸ75-fold for UMD colony. Worker termites can tolerate higher doses of chlorantraniliprole for longer time, and this may allow exposed individuals to transfer lethal and sublethal doses to other nest mates. Our reported LD 50 values for imidacloprid and Þpronil are very similar to those reported by other researchers (Haagsma and Rust 2007 , Saran and Rust 2007 , Mao et al. 2011 . Imidacloprid LD 50 values were highly variable and decreased from only 1.7-fold for RockTree colony to Ϸ14-fold for Race colony between 5 and 11 d. When compared with Race and RockTree colonies, UMD termite workers proved to be more susceptible to chlorantraniliprole, Þpronil, and imidacloprid in topical bioassays. Similar variations among termite colonies susceptibilities when exposed to a termiticide were also reported by Thorne and Breisch (2001) . They demonstrated that after 4 h of continuous exposures to imidacloprid-treated soils, two of the tested colonies were more severely affected than the third colony.
Delayed toxicity of chlorantraniliprole was evident in our assays where the percent mortality remained below 25% even after 3 d for all the exposure durations. Most of the termites looked affected 10 Ð12 h after exposure, but actual mortality started only after 24 h. The delayed onset of intoxication symptoms provides an opportunity for termite workers to move away from the treated zone and engage in grooming and trophallaxis with other nest mates (Buczkowski et al. 2012 , Neoh et al. 2012 , Barwary et al. 2014 . After 3 d, worker mortality increased steadily and for most of the colonies and exposure times, except the UMD colony at 1 min of exposure with 98 Ð100% kill by 10 d. Our results corroborate with those reported by other researchers (Yeoh and Lee 2007 , Shelton 2010 , Buczkowski et al. 2012 , Neoh et al. 2012 .
Initially survivorship functions S(t) of termite colonies both in limited exposure and tunneling assays were similar in treatments and controls. It was only at 7 d and onwards that the probability of survival of termites exposed to chlorantraniliprole decreased signiÞcantly compared with controls. In tunneling assays, signiÞcant differences between the colonies were observed only at 3 and 7 d. At the end of the bioassay (13 d), there was 100% mortality in most of the soil types and survival probabilities were not signiÞcantly different. Susceptibility of termite colonies can differ within and among different termite species (Osbrink et al. 2001 , Thorne and Breisch 2001 , Shelton 2010 . Such differences are attributed to physiological susceptibility and not the behavioral differences (Shelton 2010) . However, differential susceptibility may also be (Buczkowski and Schal 2001) . Yeoh and Lee (2007) demonstrated nonrepellency of chlorantraniliprole in tunneling assays. In current tunneling study, we used only one concentration (50 ppm). In 2 h, termite workers tunneled longer distances in untreated substrates (sand and soils) compared with their treated counter parts. This suggests that some intoxication process began during tunneling.
Soil types affected termite worker mortality after they tunneled into different soils treated with chlorantraniliprole. Such differences were higher at 3 and 7 d post tunneling and not at 1 and 13 d. Studies with imidacloprid suggested that the soil types affected termite worker mortality, which remained Ͻ50% even after 7 d of continuous exposure to imidaclopridtreated sand or soils (Ramakrishnan et al. 2000) . Our bioassays suggest that chlorantraniliprole was readily available, and it only required Ϸ2 h for worker termites tunneling in different soils to acquire lethal doses of chlorantraniliprole. Fig. 2 . Worker termites walking speeds on a 15-cm-long line (drawn using a ball point pen) after 1 and 60 min of exposure to sand treated with chlorantraniliprole (50 ppm). (A) Differences in the overall mean (combined means at 0, 1, 2, 3, and 4 h) walking speed of worker termites after being exposed to treated sand (50 ppm) for 1 and 60 min. In case of UMD colony, means of only 0, 1, 2, and 3 h were used. (B) Differences in the mean walking speed among workers from three different colonies at 4 h after exposure. Each bar represents mean walking speed in seconds along 15-cm line Ϯ SEM of 15 termites in the pooled group. Bars with the same letters are not signiÞcantly different at P Ͻ 0.05. a, workers from UMD colony were not able to Þnish 15-cm long line at 4 h after exposure.
The maximum distance tunneled by worker termites was in untreated New Jersey (NJ) soil for both the colonies. However, for most of the soil types, there was no obvious trend in terms of the soilÕs physical characteristics and the impact on the distances tunneled. Race colony workers required on average 85.7 min to tunnel 1 cm in the control group and 109 min to tunnel 1 cm in treated samples. Similarly, RockTree colony workers tunneled 1 cm in 75 min in untreated samples and 1 cm in 120 min in treated samples (Table 7) .
In agricultural pests, chlorantraniliprole caused feeding cessation in the larvae of Plutella xylostella L., Trichoplusia ni (Hü bner), Spodoptera exigua (Hü bner), and Helicoverpa zea (Boddie) (Hannig et al. 2009 ). In these larvae, feeding cessation occurred within 15Ð25 min of exposure. While our bioassays were not designed to study the time to feeding inhibition, it seems that chlorantraniliprole caused feeding cessation or inhibition in termites soon after exposure. Exposures for as little as 1 min to sand treated at 50 ppm caused 99 Ð100% feeding inhibition in two of the three colonies. Because chlorantraniliprole caused 90 Ð100% feeding cessation in termites regardless of soil types, in Þeld situations it should prevent feeding once termite workers contact treated areas.
In controls, R. flavipes workers were able to walk along a 15-cm-long line made by ball point pen at an average speed of 1.36 cm/s. UMD colony proved to be more susceptible to chlorantraniliprole, as the intoxication symptoms started earlier and none of the exposed termites were able to Þnish the 15-cm-long line at 4 h after 1 h of exposure. As the time after exposure increased, workers from three colonies on an average required more time to Þnish the 15-cm line. In several other walking bioassays, it has been demonstrated that relatively fast-acting termiticides such as bifenthrin, acetamipirid, and Þpronil affected worker termites at much lower concentrations Saran 2006, 2008; Saran and Rust 2007; Forschler 2009 ) and faster.
However, when R. flavipes was exposed to chlorantraniliprole at 300 ppm on the Þlter paper, they did not show signs of intoxication for 2.5 h after exposure (Quarcoo et al. 2010) . Our movement studies suggest that termites may travel several meters in Þeld situations after exposure to chlorantraniliprole.
Chlorantraniliprole caused similar postexposure behavior effects on all three termite colony workers. At 1 h after exposure to treated sand (50 ppm) for 30 min, all the termites walked normally. It was only around 6 Ð7 h after exposure that termites appeared to be intoxicated and started aggregating. During aggregation, the distance between individual termites was Ͻ1 cm, and these termites remained in a group, grooming and moving their mouth parts. Quarcoo et al. (2010) considered termites to be clustered when the distance between individuals was Ͻ0.4 cm and they remained in a stable group. In their study, R. flavipes showed intoxication symptoms and lethargic movements at 1.5 and 2.5 h after the exposure. In our assays, the majority of exposed workers (Ͼ80%) were clustered together forming an aggregation at 24 h. The percentage of workers actively involved in self-grooming and allogrooming remained steady after 7 h (35Ð 45%) as the aggregation intensiÞed. We also observed that mutual grooming between exposed termites was relatively slow and each individual event lasted longer compared with the grooming between two healthy individuals. At 9 h after exposure to Þpronil, 30, 55, 15 , and 10% of the time C. formosanus workers were walking, moving, resting, and digging, respectively (Henderson 2003) . In the same study in response to imidacloprid, only 15% of the time worker termites were walking and majority of the time (55%) termites were motionless with very little (Ͻ5%) time spent digging, grooming, and in vibrations. Compared with these two insecticides, chlorantraniliprole was more delayed and even when termites were exposed to treated sand (50 ppm) higher percentage of termites were able to walk (45%) at 7 h after exposure. Similarly, the social be- Fig. 3 . Postexposure behaviors of worker termites exposed to sand treated with chlorantraniliprole (50 ppm). Bars with same letters suggest that corresponding percentage of termites exhibiting a certain set of behavior in control and exposed group are not signiÞcantly different at P Ͻ 0.05. Ctrl, controls (termites exposed to untreated sand); Ex, exposed (termites exposed to treated sand).
haviors such as aggregation and grooming were more obvious in our assays and performed by majority of termites (40 Ð 80%) whereas with Þpronil and imidacloprid these behaviors were insigniÞcant (Henderson 2003) . It has also been shown that worker termites exposed to lower rates of imidacloprid (10 ppm) for 4 h initially demonstrated a range of behaviors such as impaired mobility to completely unable to walk; however, most of them recovered after 24 h (Thorne and Breisch 2001) . These observations again suggest that treatment rates are an important factor when considering any postexposure behaviors.
Our bioassays and other studies (Yeoh and Lee 2007 , Shelton 2010 , Quarcoo et al. 2010 ) have demonstrated that chlorantraniliprole is nonrepellent and has delayed action on termite workers. Based on its persistence in different soil types and eco-toxicological proÞle makes it a valuable termiticide (Spomer and Kamble 2011 , Wagner et al. 2011 , Shelton et al. 2014 . Additional studies using specially designed arenas are required to depict real time tunneling in a treated zone and horizontal transfer of chlorantraniliprole to unexposed members of the colony.
